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We propose an effective method to decrease the Ramsey linewidth of microwave atomic clock by tracking the 
coherent atomic phase through nondestructive measurement. The free evolution time T between two Ramsey pulses is 
divided into N subsections. In each subsection, the coherent phase of the atomic ensemble is probed by an additional 
large-detuning laser. The probed phase in the previous subsection is used to change the phase of the microwave pulse in 
the following subsection. After tracking the coherent atomic phase for N-1 times, the final linewidth of Ramsey fringe 
decreases quickly as N/(2N-1). We then demonstrate this proposal in a vapor cell atomic clock. The linewidth of the 
Ramsey fringe is decreased down to 27 Hz after 5 successive sub-interrogations, which is much narrower than the 
linewidth of 142 Hz obtained by normal Ramsey spectroscopy. 
PACS number:                              
The precise realization of the second was made by the 
development of frequency standards based on the energy 
transitions of atoms. In the 1930s, Isidor Rabi invented the 
magnetic resonance technique [1] and suggested to make a 
clock of extraordinary accuracy with the measurement of the 
natural resonant frequencies of atoms. In 1949, Norman 
Ramsey invented the separated oscillatory field method [2] to 
interrogate the atoms with two microwave pulses and made it 
possible to build a much more accurate clock. Since then, 
Ramsey method has been utilized by modern primary 
frequency standards. [3] The linewidth ∆ν  of the Ramsey 
fringe is determined by the interrogation time T between the 
two microwave pulses with ∆ν = 1/2𝑇 [4], which directly 
determines the clock stability characterized by σ(τ) =
1
𝜋·𝑆𝑁𝑅·
𝜈0
Δ𝜈
√
𝑇𝑐
𝜏
 [4], where Tc is the cycle time, SNR is the signal-
to-noise ratio, 
𝜈0
Δ𝜈
 is the atomic quality factor, and τ is the 
averaging time.  
Extending the interrogation time of the atomic ensemble, 
i.e., decreasing the linewidth ∆ν , is an efficient way to 
improve the clock stability. The introduction of buffer gases 
increases the coherence time of the vapor cell atomic clock to 
about several milliseconds [5]. The use of an atomic fountain 
[6] with cooled atomic cloud allows for coherence times on 
the order of one second. With the operation of artificial 
rephaing through a sequence of microwave pulses [7], the 
spin-self-rephasing [8,9], or the atomic phase lock (APL) [10], 
the coherence time on the microwave clock transition was 
extended up to tens of seconds. Moreover, the APL are 
proposed to improve the stability of clocks much quickly from 
1/τ1/2 to 1/τ [11, 12], which is also demonstrated by using 
the zero dead time operation of interleaved atomic clock [13]. 
In this paper, we propose an effective method to 
exponentially decrease the Ramsey linewidth of microwave 
atomic clock without using any operation to extend the 
coherence time. On the contrary, we divide the interrogation 
time T into N successive sub-interrogation with time T/N. 
After each sub-interrogation, the evolve phase φ𝑖  of the 
atomic ensemble is probed by nondestructive measurement 
with an additional large-detuning laser. φ𝑖 is used to change 
the phase of the second microwave pulse in the following sub-
interrogation. At the final projective measurement, we obtain 
the linewidth of Ramsey fringe with N/(2N-1)·1/2T. We 
verify the proposal in a vapor cell atomic clock with mixer 
buffer gases and obtain a narrow linewidth of Ramsey fringe 
of 27 Hz.  
  We analyze the Ramsey method by using the Bloch 
representation [4,11,14] where the two level system 
interacting with an electromagnetic field is visualized as a 
spin-1/2 particle in a magnetic field. As shown in Fig.1, u, v, 
and w are the three components of the Bloch vector. Steps (a)-
(d) depict the conventional Ramsey procedure. (a) Prepare the 
atoms in |↓> state by resonant optical pumping. (b) A π/2 
microwave pulse with 0o phase brings the atoms into a 
superposition state of |↓> and |↑>. (c) Free precession of time 
T between two microwave pulses. The frequency difference 
∆ν between the clock transition and the microwave field leads 
to a relative phase of φ = 2π∆ν𝑇. (d) Apply a second π/2 
microwave pulse with 0o phase. At the projective measurement 
procedure, φ is mapped onto the probability P of finding the 
atom in the |↑> state. The probability shows a cosine variation 
as the function of (cosφ + 1)/2  near resonance. The full 
width at half maximum of the Ramsey fringe is given by P 
=1/2 or φ = ±π/2, leading to the linewidth of ∆ν = 1/2𝑇.  
  Instead of mapping the precession phase φ = 2π∆ν𝑇 
directly onto the probability of population, we propose a new 
method based on atomic phase tracking to accelerate the final 
precession phase φ𝑓 . The procedure is different with the 
conventional Ramsey method from step (c) and is structured 
as follows. We divide the precession time T in (c) into N 
successive sub-interrogation with time T/N.  
(a) Initialize the Bloch vector along –w axis,  
(b) A π/2 microwave pulse with 0o phase rotates the Bloch 
vector around -v axis by π/2, 
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FIG.1 (color online) Bloch sphere representation of Ramsey method. (a) 
Initialize the Bloch vector along –w axis; (b) Rotate the Bloch vector around 
-v axis by π/2 along u axis; (c) Bloch vector evolves on the equatorial plane 
for time T with φ = 2π∆ν𝑇 relative to u axis. (d) Rotate the Bloch vector 
around –v axis by π/2 and estimate the w component. (c1) Without doing step 
(d), after evolving time for T/N, rotate the Bloch vector around u axis by π/2 
into the u-w plane, (c2) Estimate the evolution phase by nondestructive 
measurement with φ1
′ ; (c3) Rotate backward the Bloch vector around -u axis 
by π/2; (c4) Bloch vector continues to evolve on the equatorial plane with φ2 
and rotate the u-v axis clockwise around w axis by angle φ1
′ . Repeat steps 
(c1)-(c4) for (N-1) times. In the Nth precession, rotate the u-v plane around w 
axis by angle φ𝑁−1
′ , and estimate the w component by projective 
measurement with φ𝑁. 
(c) Bloch vector evolves on the equatorial plane for T/N with 
       φ1 = 2π∆ν𝑇/𝑁 relative to u axis,  
(c1) A π/2 microwave pulse with 90o phase rotates the Bloch 
vector around u axis by π/2,  
(c2) Measure the evolution phase φ1 without destroying the 
atomic coherence and obtain φ1
′  
(c3) A π/2 microwave pulse with -90o phase rotates the Bloch 
vector back to step (c), 
(c4) Bloch vector continues to evolve on the equatorial plane 
for 𝑇/𝑁. Rotate u-v axis around w axis to u(φ1
′ )-v(φ1
′ ) 
by changing the phase of the following microwave pulse 
to 90-φ1
′ .  
Repeat steps (c1) to (c4) for N times. During the of the ith 
precession, the nondestructive measurement should give the 
result of φ𝑖
′=2φ𝑖−1
′ +φ𝑖. where φ1
′ = φ1, φ2
′ = 3φ1, 
φ3
′ = 7φ1 , …, φ𝑓 = (2
𝑁 − 1)φ1 . At the final step, the 
projective measurement of the precession phase φ𝑓 
determines the linewidth of the Ramsey fringe, where 
φ𝑓 = ±π/2 corresponds to P =1/2. The linewidth is then 
determined by (2𝑁 − 1) ∙ 2π∆ν𝑇/𝑁 = π,  
i.e. ∆ν = 𝑁/(2𝑁 − 1) ∙ 1/2𝑇. 
 
We verify the proposal in the optically pulsed pump [5,15] 
vapor cell atomic clock. The experimental setup and the 
time sequences are shown in Fig.2. A pair of polarizers (P 
and A) with extinction ratio of about 100000:1 are placed 
orthogonally at both sides of the physical package for the 
dispersive detection [16]. The dispersive detection scheme 
becomes necessary here for the reason that the dispersive 
detection can probe the atomic phase without destroying 
the atomic coherence. The physical package is similar with 
the experimental setup in ref. [16]. The atomic vapor cell is 
filled with 87Rb atoms and mix buffer gases of N2 and Ar.  
 
FIG.2 (color online) Experimental setup (a) and time sequences (b) for atomic 
phase tracking. (a) A large detuning laser (orange line) is used to probe the 
atomic phase during the free evolution stage in the conventional pulsed 
optically pumped atomic clock. The probe phase is used to change the phase 
of the microwave pulse as shown in (b). AOM-acoustic optical modulator, 
PBS-polarizer beam splitter, P-polarizer, A-analyzer, PD-photodiode detector, 
LO-local oscillator. (b) The resonant laser (red line) is used for optical 
pumping at the beginning and projective detection at the final precession. The 
large detuning light (orange line) is used for nondestructive measurement of 
the atomic precession phase φ𝑖
′  during the free evolution. The phases of 
microwave pulses (black line) are changed according to φ𝑖
′. T=3.5 ms, tm=50 
μs, and tp=50 μs. 
 
The atomic vapor is heated to 58 oC and the coherent time 
of the atomic ensemble is about 4 ms. Three layers of 
magnetic shielding made of μ-metal isolate the cell from the 
outside magnetic field and a solenoid with central magnetic  
field of 15 mGs provides the quantized axis. Compared to 
the conventional optically pulsed pump atomic clock, we 
need two laser in the experiment. The resonant light locked to 
the |Fg=2>—|Fe=2> transition of 87Rb D1 line through 
saturated absorption spectrum is used for optical pumping 
and projective measurement. The other one with large 
detuning of about 1 GHz to the resonant one is locked to 
the crossover peak of |Fg=3>—|Fe=2,3> transitions of 85Rb 
D1 line and used for nondestructive measurement during the 
evolution of the atoms between two microwave pulse 
interaction. The diameters for both of the laser beams are 6 
mm while the powers are 12 mW and 50 μW for the 
resonant laser and the large detuning laser, respectively. 
The time sequences of the lasers are controlled by the acoustic 
optical modulators and are shown in Fig.2(b). The 6.834 GHz 
microwave signal is generated by a microwave synthesizer 
(RB-1, SpectraDynamics, Inc.) referred to a 5 MHz local 
oscillator (LO, BVA-8607, Oscilloquartz Corp.). With the 
use of a microwave switch (HMC-C019, Hittite Microwave 
Corp.), the microwave pulses with pulse width of 50 μs for 
the Ramsey interrogation are generated. A microwave 
phase shifter ( HMC247，Hittite Microwave Corp.) is 
used to change the phase of the microwave pulse. 
In the conventional Ramsey spectroscopy, there are two 
microwave pulses with phase of (0o, 0o) that interact with 
the atomic ensemble. The linewidth of the Ramsey fringe 
is decided by the evolution time of the atomic ensemble  
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Fig.3 (color online) Demonstration of nondestructive measurement and 
decrease of Ramsey linewidth when N=2. (a) Central zone of Ramsey fringes 
with (red line) and without (blue line) nondestructive measurement. The signal 
intensity is reduced by 2% after nondestructive measurement is fulfilled. (b) 
Blue line is the central zone of normal Ramsey fringe (N=1) with linewidth of 
142 Hz while red line is the fringe of N=2 with linewidth of 98 Hz. 
 
between the two microwave pulses. We choose the 
evolution time as T=3.5 ms to obtain a high contrast 
Ramsey fringe. Fig.3.(a) (blue line) shows the Ramsey 
fringe with linewidth of 142 Hz. We then demonstrate the 
decrease of linewidth with N=2, i.e., we divide the Ramsey 
interrogation into two Ramsey sub-interrogation with 
evolution time of 1.7 ms. After evolving for 1.7 ms, a 
microwave pulse with phase of 90 o is applied to interact 
with the atoms. Straight after that, a large detuning light 
probe the atomic phase and obtain φ1
′ . Another microwave 
pulse with phase of -90o is then applied to cancel the 
interaction of the 90o microwave pulse. The atoms continue 
to evolve in the rest 1.7 ms. After the interactions of all the 
four microwave pulses (0o, 90o, -90o, 0o) and the laser pulse, 
we make the projective measurement and obtain the 
Ramsey fringe, as shown in Fig.3(a) (red line). Compared 
to the result obtained without nondestructive 
measurement (blue line), the signal intensity remains as 
large as 98%, which means the atomic coherence is well 
maintained after the extra introduction of the two 
microwave pulses (90o, -90o) and the nondestructive 
measurement. 
By introducing the large detuning laser pulse during the 
free evolution, we peek the atomic phase φ1
′  in the middle  
 
Fig.4 Demonstration of exponential decrease of Ramsey linewidth 
in the hot vapor cell atomic clock. The linewidths are 142, 98, 67, 44 
and 27 Hz for N=1 to 5, respectively.  
 
of the interrogation. The phase φ1
′  is then fed back 
through the microwave phase shifter to change the fourth 
microwave pulses with phase of 90 o -φ1
′ . The phases of 
the four microwave pulses that interact with the 
atoms are (0o, 90o, -90o, 90 o -φ1
′ ). The final Ramsey fringe 
is shown in Fig.3(b) (red line). The linewidth is about 98 Hz, 
which is about 2/3 of 142 Hz (blue line) obtained by 1/2T . 
Since the coherent time of the hot vapor cell atomic clock is 
about 4 ms and it is much larger than the microwave pulse time 
of 0.05 ms, we continue to divide the Ramsey interrogation 
into N=3, 4, and 5 sub-interrogation. After every sub-
interrogation, we probe the atomic phase nondestructively and 
change the phase of the microwave pulses in the following 
sub-interrogations. The phases for the microwave pulses are 
(0o, 90o, -90o, 90 o -φ1
′ , -90 o +φ1
′ , 90 o -φ2
′ ), (0o, 90o, -90o, 90-
φ1
′ , -90+φ1
′ , 90 o -φ2
′ , -90 o +φ2
′ , 90 o -φ3
′  ), and (0o, 90o, -90o, 
90-φ1
′ , -90+φ1
′ , 90 o -φ2
′ , -90 o +φ2
′ , 90 o -φ3
′ , -90 o +φ3
′ , 90 o 
-φ4
′ ) for N=3, 4, and 5, respectively. As shown in Fig.4, after 
tracking the atomic phases in the evolution process, the 
linewidths for the final fringes are 67, 44, and 27 Hz for N=3, 
4, and 5, respectively. The results fit well with the 
aforementioned equation ∆ν = 𝑁/(2𝑁 − 1) ∙ 1/2𝑇 . 
Compared to the normal Ramsey interrogation with two 
microwave pulses, the linewidth of the Ramsey fringe here is 
effectively decreased by N/(2N-1), corresponding to the clock 
stability been improved by N/(2N-1). However, since we have 
fulfilled the measurement for N times, the signal to noise ratio 
for the final Ramsey fringe is then reduced by a factor of 1/√𝑁. 
With the narrow linewidth, the total result of the clock stability 
should be improved by about N3/2/(2N-1) in short term stability. 
In conclusion, we have proposed a new method to decrease 
the Ramsey linewidth of microwave atomic clock by peeping 
and tracking the coherent atomic phase through nondestructive 
measurement. The linewidth of Ramsey fringe decreases 
quickly as N/(2N-1) when the Ramsey interrogation is divided 
into N sub-interrogation. We demonstrate the proposal in a hot 
vapor cell atomic clock and obtain the narrow linewidth of 
Ramsey fringe down to 27 Hz after 5 sub-interrogations while 
its total interrogation time maintains 3.5 ms. We may use the 
method to improve the performance of atomic clock. 
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